Wax deposition is a common phenomenon that occurs when crude oil flows in a pipeline. It is one of the main problems related to flow maintenance, because it leads to flux limitation and pressure drop increase. In addition, it can produce major damage to equipment, creating high-risk in operation or even a complete shutdown of production, impacting profitability negatively. Thus, this research aims to show pressure drop models based on Darcy-Weisbach and Power Fluid model for single-phase flow of paraffinic oils in horizontal lines. It will investigate aspects such as different flows, outdoor temperatures, and the BSW (Basic Sediments and Water) values observing their influence on flow pressure. Experimental data from paraffinic oil wells were used to validate the models. The results showed good fit of the models to the data of the eight experiments, with high values of adequacy coefficient (R 2 ) above 0.97. Experiments with higher BSW content and lower ambient temperature had a greater impact on the pressure drop, being well represented by the two models.
INTRODUCTION
Petroleum is a mixture of hydrocarbons and contaminants, which often has water associated with its production. Hydrocarbons form a mixture of saturated constituents (paraffins, iso-paraffins, and naphthenes), aromatics, resins, and asphaltenes. In the beginning of the production stage, the arrival of hydrocarbons to the surface depends on factors associated to flow maintenance. The goal is to improve flow rates and increase oil recovery (Ferreiar & Cardoso, 2011).
The paraffin molecules are dissolved in the oil reservoir, where the temperature ranges from 70 to 150°C and the pressure is above 2000 psi. When the oil begins to flow due to thermal exchange, it can reach the wax appearance temperature (WAT), and begin the process of wax precipitation and deposition in the pipe wall (Aum et al., 2016; Chala et al., 2018). The paraffin deposition process itself is considered to be thermodynamically reversible, since if the temperature increases beyond the WAT, the paraffin molecules will be dissolved back into the oil (Bimuratkyzy & Sagindykov, 2016) . This is one of the main problems related to flow maintenance, especially for offshore production, because it limits the oil flow, leading to pressure drop by friction; increases the energy consumption; causes equipment malfunction; and reduces the effective internal diameter of pipe (Aum et al., 2016).
The precipitation of paraffins and other solids in the pipelines results in less profitability in the order of thousands of dollars per year. It also reduces primary oil treatment efficiency and creates concerns in the area of environmental safety. Therefore, it is important to study the phenomenon of paraffin deposition to operate oil flow systems in a safe and economical way (Xie & Xing, 2017).
Studies such as the ones conducted by Azevedo and Teixeira (2003) and Aiyejina et al. (2011) report reviews on wax formation in oil flow pipes. The modeling of the wax deposition requires an understanding of the main mechanisms responsible for the transportation of wax molecules from the bulk oil into the tube walls. When oil is flowing under a laminar regime, the transverse transport of the wax to the wall will be determined by the velocity, temperature, and concentration profiles established by the flow. 
Alcântara (2015)
developed a pressure drop model in paraffin oil flows based on the Poiseuille Law, adding plots that describe the paraffins deposition from the knowledge of the thermal insulation effect, which occurs due to the increase of the deposit layer formed. Thus, the model was destined to the laminar flow, since the Poiseuille Law is limited to the study of the pressure drop in permanent Newtonian and laminar flows. A way to extend the possibilities of the study would be to use the Darcy-Weisbach equation, which is intended for both laminar and turbulent flows.
Porto and Lima (2017) studied the transient flow of paraffinic oil in a two-dimensional system based on the study of Ribeiro et al. (1997) , also observing the thermal insulation effect of the deposited paraffin layer from the temperature difference between the external environment and the internal fluid. The authors verified that the dimensionless solubility parameter developed by them was relevant in the determination of the pressure drop, because the greater the dimensionless solubility is the greater the deposit thickness will be, which increases the pressure drop in the flow.
Thus, the main goal of this study was to develop models considering Newtonian and non-Newtonian fluids to evaluate the pressure drop from the Alcântara (2015) model, modifying the basic equation (Poiseuille Law) for the Darcy-Weisbach equation and for the Power Fluid model, while maintaining the other plots developed by the author. The models presented in this study are not based on individual parameters, such as pressure and BSW, but are shown as simplified and alternative models to those already existent. So that, the physical phenomena involved, such as precipitation, deposition observed by deposit growth and the drag of paraffins, are observed.
MATERIALS AND METHODS
The Tarantino (2013) experimental data were used in this study. The experiments were carried out with water/oil emulsion flowing with different flow rates (Q), water contents (BSW-Basic Sediment and Water), and at different temperatures (T) ( Table 1) .
Description models

Model 1
From the observation of the pressure drop behavior and the output temperature of the experiments, Alcântara (2015) noticed the existence of a behavioral change of the pressure drop when the output temperature of the fluid tends to be constant. Thus, he developed a twoperiod model capable of characterizing the behavior of the pressure drop up to the transition temperature (Tt) point and after that point, when the outlet temperature tends to remain constant.
The Darcy-Weisbach equation, as well as the Poiseuille Law, is not adequate to analyze the pressure drop of paraffinic oil flow because it cannot predict the paraffin deposition on the pipe wall. However, it can predict the pressure variation of most of the flows. Thus, the model is based on the Darcy-Weisbach equation, using a constant C as a form of adjustment to the experimental data, and considering constant flow developed, incompressible fluid and steady-state flow with no variation of dimension (Equation 1).
Where f is the friction factor,  the specific mass, v the flow velocity, D the pipe inner diameter, and C is the setpoint constant.
For laminar flow, the Darcy friction factor is a function of the Reynolds number and the relative roughness of the pipe. When the flow is in laminar regime, the friction factor is given by the following Equation 2:
For turbulent flow, the friction factor can be given by the Colebrooke-White equation (Equation 3), which is a function of roughness ( ) and the pipe diameter (D): Alcântara (2015) estimated the effect of paraffin deposition based on the thermal insulation effect caused by precipitation and deposition of these compounds. The long chain paraffins deposit at first, and the precipitate is composed of low thermal conductors present in the oil, since the higher the number of carbons is, the higher the specific heat of the compound will be, and, thus, the lower thermal conductivity.
Any increase in temperature of the fluid during the experiment is considered to be a result of the formation of the paraffins insulation layer on the inner wall of the tubing. It reduces the loss of heat from the fluid to the environment, contributing to the increase in the temperature of the fluid. The formation of the precipitate layer leads to increased pressure drop mainly due to the progressive reduction of the effective internal diameter of the pipe and the increased roughness of the walls of the system. Therefore, the model developed quantifies the loss of load caused by the precipitation of paraffins through the thermal insulation effect that it causes.
When replacing the basic equation of the Alcântara (2015) model modified by DarcyWeisbach equation, it is developed Model 1, given by Equation 4 that was used in this study:
The term f(T) (Equation 5) was used as a predictor of the phenomenon of the paraffin precipitation in the pressure drop.
Where T out,i is the temperature of the oil at the exit of the experimental unit, and the term T out,min is the lowest exit temperature observed throughout the experiment.
Paraffin precipitation on the inner wall of the tubing occurs steadily during flow. Therefore, the amount of paraffin at a given time (ti) must be a function of the sum of all precipitated paraffin, from the beginning of the flow to the time ti.
There is a less pronounced increase in the pressure drop associated with the constant temperature behavior. The constant behavior of the temperature can be explained from the hypothesis that there is a balance between the deposit and the paraffin drag, making the precipitate layer thickness almost constant. Thus, the increase in the pressure drop cannot be explained only by the reduction of the available area for the flow, but also by the increase in the fluid viscosity, caused by the increase of solid paraffins in its medium.
To characterize the behavior of this second period of experiments, the second period was developed with the factors ( )' e ( )''. The factor ( )' was estimated by the difference between the average temperature of the fluid (T average ) and wax appearance temperature (WAT), as one can observe in Equation 6. This term was developed to quantify the impact of paraffin precipitation on pressure drop. It is known that the lower the temperature is, the more paraffins deposit will be, so this factor should increase the lower the fluid temperature is. (6) The entrainment of the particles deposited on the pipe wall occurs throughout the experiment. The greater the amount of paraffin deposited on the inner walls the smaller the effective internal diameter. This diameter reduction causes an increase in the fluid velocity, since its flow is constant during all the experiments. Thus, the greater the drag force exerted by the fluid in the particles.
The term used to study the paraffin drag during flow was developed as Equation 7:
Where C t is an adjustment constant and V wax entrained is the volume of wax entrained during flow (Equation 8).
(8)
Where C' and C t are adjustment constants, R is the effective internal radius of the pipe, l is the length of the pipe, and Q is the flow rate.
The paraffin volume was considered directly proportional to the factor ( )' due to the lack of parameters and the high complexity involved, applying Equation 9 for this study:
(9)
Model 2
Considering non-Newtonian fluid, the Power Model for steady-state, laminar and incompressible flow in circular tube was used to calculate the pressure drop as the base equation (Equation 10):
The m and n parameters characterize the fluid and refer to the consistency index and flow behavior, respectively. Due to the difficulty of finding values of m and n for paraffinic oils in this study flow conditions, the parameters used were 0.67% carboxymethylcellulose (CMC) in water, that is, m = 3.04. 
Models 1 and 2 were simulated in Microsoft Excel ® , using the Solver tool to determine the parameters A, B, C, E, Ct, and C' required to fit the models to the experimental data. As the input temperature control in the experiment was done manually, the authors noticed the occurrence of oscillations in this variable. To minimize the operational errors, the polynomial regression of the input and output temperature data was performed from an Excel function.
RESULTS AND DISCUSSIONS
Due to the safety conditions, the experiments were finalized when they reached the pressure difference of 8 bar or 6 hours run time. The start data of the flows, up to 200s, were excluded due to the initial stabilization period of the experimental unit.
In all experiments, initially, the growth of the outlet temperature is accompanied by an exponential growth of the pressure drop. This change is justified by the fact that, at the beginning of the flow, the paraffins deposit quickly forming an insulating layer that hinders the thermal exchange to the external environment, raising the oil temperature (Porto & Lima, 2017).
The increase in oil temperature causes the increase in paraffin deposition due to the increase of the thermal gradient and, consequently, the concentration gradient which is considered as the driving force for the displacement of the paraffins (Wang et al., 2015) . Thus, one can justify the exponential increase in pressure drop in the early stages of the flow.
In experiments 2, 3 and 4, the outlet temperature remains approximately constant, leading to a more linear behavior of the pressure drop. In Experiment 1, the second behavior is not visualized because it quickly reached the safety pressure of the equipment.
The results of pressure drop with Models 1 and 2 of the experiments with BSW of 5% can be visualized in Figures 1 to 4: When comparing the experiments with BSW of 5%, one can observe that at time t=2200s, experiment 1 reached the maximum allowed pressure, while the other experiments showed values of pressure drop below 5 bar. According to Wang et al. (2015) and Quan et al. (2015), the higher the pipe wall temperature is the lower is the paraffin deposition by reducing the temperature gradient will be, which is considered to be the major driving force in the displacement of the paraffins to the pipe wall. Thus, by reducing the deposition process, the pressure drop is reduced. In Table 2 , one can see a comparison between coefficients of determination of models 1 and 2, and the Alcântara (2015) one. Table 2 show a good adjustment of Models 1 and 2 in the experimental data. Similar to the Alcântara model (Alcântara, 2015), it was difficult for the models studied to represent the beginning of the pressure drop behavior of the experiments with BSW of 35%, possibly due to the fact that the pressure drop did not change significantly in the initial moments. 
Figures 1 to 8 and
CONCLUSIONS
Models 1 and 2 presented in this work were effective in demonstrating the pressure drop in paraffinic oils flows, considering the main phenomena of precipitation, deposition, and drag paraffin particles. Comparing with the Alcântara model (Alcântara, 2015), they were able to increase their application to turbulent and nonNewtonian flows, respectively. However, the use of specific parameters of paraffinic oils for application of the non-Newtonian model is indicated.
Based on the study, we infer that the models can be applied to field data for evaluation under real conditions, observing the behavior of the pressure drop out of the experimental scale, as well as to improve the models considering the flow of non-Newtonian and turbulent fluid together.
